Insulin-like growth factor 1 (IGF-1) is an unique peptide that functions in an endocrine/paracrine and autocrine manner in most tissues. Although it was postulated initially that liver-derived IGF-1 was the major source of IGF-1 (that is, the somatomedin hypothesis), it is also produced in a wide variety of tissues and can function in numerous ways as both a proliferative and differentiative factor. One such tissue is bone and all cell lineages in the skeleton have been shown to not only require IGF-1 for normal development and function but also to respond to IGF-1 via the IGF-1 receptor. Ligandreceptor activation leads to several distinct downstream signaling cascades, which have significant implications for cell survival, protein synthesis and energy utilization. The novel role of IGF-1 in regulating metabolic demands of the bone remodeling unit is currently under investigation. More studies are likely to shed new light on various aspects of skeletal physiology and potentially may lead to new therapeutics.
Introduction
Insulin-like growth factor 1 (IGF-1) is important for a number of different growth and differentiation processes across a wide variety of tissues. 1 Specifically, the growing skeleton is modulated by IGF-1 through endocrine/paracrine and autocrine mechanisms. Disruption of IGF-1 receptor (IGF1R) by genetic means in chondrocytes, osteoblasts and osteocytes has shown that IGF-1 signaling is necessary for controlling cell proliferation and differentiation.
IGF-1 binds to IGF1R, a type II tyrosine kinase, and leading to auto-phosphorylation of Tyr residues 1131,1135,1136 in the kinase domain, followed by phosphorylation of Tyr 950 in the juxtamembrane domain, which activates downstream substrates, insulin receptor substrate (IRS) proteins and Shc by tyrosine phosphorylations. 2 The IRS protein family consists of four isomers IRS1, 2, 3 and 4. Two of these proteins, IRS1 and IRS2, have been studied with respect to bone; IRS1 is expressed in chondrocytes and osteoblasts, IRS2 is expressed in osteoblasts and osteoclasts but not in chondrocytes. It is not known whether IRS3 and IRS4 are expressed in bone cells. Global deletion of IRS1 and IRS2 in mice leads to a decrease in bone mass, although there are no bone-specific conditional knockouts reported. 3, 4 In case of IGF-1 induction, IRS1 activates phosphatidylinositol 3 kinase (PI3K), 5 and the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) network by binding to Shc and Grb2 (Figure 1 ). [6] [7] [8] Activated PI3K phosphorylates phosphatidylinositol 4,5 bisphosphate converting it to phosphatidylinositol 3,4,5, trisphosphate. Phosphatidylinositol 3,4,5, trisphosphate recruits PDK1 (a Ser/Thr kinase), which can phosphorylate protein kinase B (AKT) at Thr 308 and then leads to partial activation of AKT (a AGC kinase). mTORC2 phosphorylates AKT on Ser 473; [9] [10] [11] these changes allow for complete activation of this signaling cascade. Activated AKT, of which there are three different isoforms AKT1, AKT2 and AKT3, in turn controls a number of cellular metabolic processes that affect development. 12 Some of the substrates for phosphorylated AKT are essential for skeletal development. These include: (1) the Forkhead group (FoxO1,3,4) of transcriptional factors. 13, 14 Deletion of FoxO1 specifically in osteoblasts leads to decreased bone mass and the deletion of FoxO1, 3 and 4 shows that the FoxO group of transcriptional factors are necessary for protecting osteoblasts from oxidative stress. (2) mTOR, which is a downstream target of AKT (also called mammalian target of rapamycin), regulates a number of processes critical for cell growth and regulation particularly protein synthesis. During IGF-1-mediated activation there is an increase in the activity of mTOR and a subsequent enhancement in osteoblast differentiation, which is inhibited in many cells by rapamycin. mTOR exists as two distinct complexes mTORC1 (mTOR, Raptor (regulatoryassociated protein of mTOR), mLST8/GbL (G-protein b subunitlike protein) and DEPTOR (DEP domain containing mTOR interacting protein)), which is rapamycin sensitive and activated by growth factors like IGF-1/insulin and controls translation and cell proliferation through phosphorylation of its downstream substrates p70S6K and 4E-BP (eukaryotic initiation factor 4E-binding protein). p70S6K can feedback and inhibit IRS1 targeting it for degradation. mTORC2 (rapamycin insensitive during acute exposure), which consists of mTOR, Rictor (rapamycin insensitive companion of mTOR), mLST8/GbL, mSIN1 (mammalian stress-activated protein kinase-interacting protein 1) and PROTOR (protein observed with Rictor), can activate AKT by phosphorylating it at Ser 473 and can therefore inhibit FoxO1. 15, 16 There are no conditional mouse models that have targeted the mTOR signaling pathway in osteoblasts.
The other important substrate that AKTcan act on is glycogen synthase kinase3a,b (GSK3). GSK3 is a Ser/Thr kinase important for regulating the Wnt signaling pathway and glycogen synthesis. GSK3 is inactivated by phosphorylation of a key serine residue GSK3bSer9 and GSK3aSer21 by AKT and leads to glycogen synthesis. 17 In the absence of Wnt signaling, GSK3 can phosphorylate b-catenin at Thr 41, Ser 37 and Ser 33 sequentially in the N-terminus after the priming Ser 45 phosphorylation by casein kinase I and lead to its proteosomal degradation. On activation by Wnt ligands binding to frizzled and low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/LRP6), GSK3 and casein kinase phosphorylate LRP6 and axin leading to a increase in active b-catenin resulting in its accumulation and nuclear translocation. The contribution of Wnt-mediated activation of b-catenin has been reported during skeletal development by a large number of studies (for extensive review see Williams and Insogna. 18 However, the role of IGF-1/AKT-mediated effect on b-catenin in skeletal development is not clear, though some studies have reported that IGF-1 can lead to active b-catenin. 19 Recent studies show that GSK3 inhibits chondrocyte proliferation, bone growth and hypertrophic chondrocyte turnover, and GSK3a can partially compensate for the loss of GSK3b. Additional deletion studies of compound knockout mice with a loss in both alleles of GSK3a and one allele of GSK3b have shown that GSK3a,b have an important role in early chondrocyte differentiation. 20, 21 IGF-1 in a number of different cell types can activate the Glut family of transporters for increasing the uptake of glucose. This is an important but often overlooked role for IGF-1 and is clearly important in systemic metabolism. Of the four class I Glut family members, Glut 1 and 3 have been identified in rat calvarial and osteosarcoma cell lines to be responsible for glucose uptake in osteoblasts. 22, 23 Glut 4, which is mostly responsible for glucose uptake in insulin responsive tissue, has been identified in chondrocytes and there have been a number of recent reports that suggest that bone is responsive to insulin signaling. Thus, more studies need to be done to clearly identify which of the Glut receptors are expressed in skeletal cells and are utilized during energy utilization. 24, 25 This review will specifically address the role of IGF-1 in bone development and the evidence that suggests a role for IGF-1 if any in skeletal energy metabolism. The first part of the review will focus on the loss of IGF-1 and IGF1R in bone and the effects on bone remodeling. This section will include the inter-relationship of IGF-1 with chondrocyte development, osteoblast differentiation, osteocytic activity and matrix IGF-1. The latter part of the review will discuss the role of IGF-1 in energy metabolism.
IGF-1 and Chondrocytes
Most of the long bones and small parts of the skull base develop through the process of endochondral ossification. During IGF-1 regulation of key signaling pathways AR Guntur and CJ Rosen endochondral ossification mesenchymal stem cells (MSCs) condense and then differentiate into chondrocytes to form a template of the skeletal element. The chondrocytes in the middle of the condensation then undergo proliferation to form the growth plate, whereas the cells at the periphery form a layer around the condensation, the perichondrium. The chondrocytes go through a series of steps where they proliferate and then hypertrophy. The hypertrophic chondrocytes secrete growth factors to signal blood vessel invagination and also entry of osteoblast precursors through a series of orchestrated and highly regulated processes to form the primary ossification center (for extensive review see refs [26] [27] [28] [29] . There are a number of secreted growth factor signaling families that have been shown to be involved in regulating these complex processes, including the fibroblast growth factor family, bone morphogenetic proteins and the hedgehog factors.
One of the most important regulators of chondrocyte function is IGF-1, which signals through PI3K and other secondary messengers (reviewed in Guntur and Rosen). 30 Chondrocytes in the long bones express IGF1R and also secrete IGF-1, global deletion of IGF-1 and its receptor IGF1R leads to both skeletal defects and cartilage changes including reduced bone length. 31 A chondrocyte-specific IGF-1 knockout has been described by using Igf-1 flox/flox mice that were crossed to a collagen2a1 (Col2a1)-specific cre (chondrocyte-specific cre). The results revealed that loss of IGF-1 produced by these collagen2expressing chondrocytes led to changes in the longitudinal growth and width of bone as well as a decrease in bone mineral density. 32 Although the width and the length of the femurs are smaller in the conditional knockouts, no effect was reported on the organization of the growth plate. The IGF1R has been deleted using the Col2a1, and its phenotype shows growth plate defects including disorganized chondrocytes, decreased proliferation and increased apoptosis. 33 The use of a tamoxifen inducible model to delete the IGF1R in chondrocytes 1 week postnatally revealed a significant reduction in growth plate chondrocyte proliferation and differentiation. 26 Recently, IGF-1 was deleted using the Hoxb6 cre (this cre is expressed in both the hind and anterior part of the forelimb) and the phenotype revealed a critical role for IGF-1 in controlling the size of the limbs through the volume of hypertrophic chondrocytes. The bones of the mice were smaller by 30% but there were similar number of hypertrophic chondrocytes. The investigators in this work described growth of the hypertrophic chondrocytes as progressing through three distinct phases and the IGF-1 conditional knockouts had a defect in the last or third phase, which led to the hypertrophic chondrocytes not increasing in size. 34 The difference in size of the chondrocytes that have a loss in IGF-1 has also been observed with the global IGF-1 deletion. This fact is particularly interesting taking into account the fact that mTOR signaling can be activated by IGF-1 signaling and is active during growth plate development also has been shown to regulate cell size. 35 IGF-2 is the other ligand that can bind to the IGF1R. This paternal imprinted gene has been shown to have a role in skeletal development. The contribution of IGF-2 to skeletal development has been suggested to be mostly during embryonic development and that it is necessary to maintain progenitor cells. 36 But the comparison of the IGF-1 null and IGF1R chondrocyte-specific knockouts suggest that chondrocytes proliferate and hypertrophy mainly in response to IGF-1.
Finally, circulating IGF-1 is generated in response to growth hormone and can also affect bone. A number of different strategies have been used to study the role of circulating IGF-1 on bone development. As liver is the major source for secreted IGF-1, liver-specific deletion of IGF-1 resulting in reduced serum IGF-1 levels has shown that the decrease in serum IGF-1 levels leads to a minimal impact on trabecular bone but there is decreased cortical bone and bone strength. 24 The use of mouse strains with different genetic backgrounds, namely the C57Bl/ 6J and the C3H/HeJ mice that have low and high IGF-1 levels, respectively, has shown that the skeletal phenotype is dependent on the levels of circulating IGF-1. The B6 mice with low IGF-1 had lower bone mineral density compared with the C3H mice. Additional studies that have used inducible liverspecific IGF-1-deficient mice to tease out the effects of serum IGF-1 at different time points, found that depleting serum IGF-1 at 4 weeks in male mice led to a decrease in both trabecular and cortical bone by 16 weeks, deletion of serum IGF-1 at 8 weeks of age affected only the cortical bone at 32 weeks, whereas depletion after peak bone accretion did not have detrimental effects on bone. 31, 37 These studies show that serum IGF-1 has an important role in skeletal development and maintenance.
IGF-1 and Osteoblasts
IGF-1 knockout studies. IGF-1 has been conditionally deleted in osteoblasts at various stages of development. The Col1a2 cre deletes IGF-1 in osteoblasts that express collagen1, a major matrix protein secreted by osteoblasts, although Col1a2 has been also identified to be expressed in a variety of non-skeletal tissue. The conditional knockout mice showed a decrease in bone formation 38 that led to an overall reduction in bone mass. On the other hand, overexpression of IGF-1 using the 3.6-kb Col1a1 promoter led to increases in the length of the long bones and cortical width with minimal effect on trabecular bone. Calvarial bone width was also increased indicating that overexpression of IGF-1 in osteoblast lineage cells led to increased bone. 39 The use of Osterix-GFP cre to delete the IGF1R in early osteoprogenitor cells shows that osteoblasts are not able to differentiate normally and end up having lower bone mass compared with wild-type controls. 40 At a later time point, the use of the osteocalcin promoter to delete the IGF1R resulted in skeletal defects and impaired mineralization. The osteocalcin promoter is active at around e17dpc in mice and has been shown to be specifically expressed in mature osteoblasts. 41 The mice with the loss of IGF1R have decreased bone formation at 6 weeks of age and although they have a sufficient number of osteoblasts these mice have very low bone formation rates, suggesting the work of osteoblasts is impaired. One of the interesting observations from the knockout of IGF-1 is the requirement of IGF-1 for parathyroid hormone (PTH) action on bone. 31 In the absence of IGF-1 (global-or osteoblast-specific deletion), PTH did not have a positive effect on the rate of bone formation. 42 In addition, it appears that PTH also needs IRS1 and not IRS2 for it to have the full anabolic effect on bone. Because PTH is a therapeutic option for osteoporosis, understanding the principal mechanisms that are operative via the IGF signaling pathways remains a major priority. 43 All the data from both the chondrocyte and osteoblast deletion studies of IGF-1 and IGF1R show that activating IGF-1 signaling is important for maintaining the proliferation of both chondrocytes IGF-1 regulation of key signaling pathways AR Guntur and CJ Rosen and osteoblasts so that endochondral ossification occurs properly. Recent studies have shown that the cells adjacent to the zone of Ranvier in the perichondrium harbor progenitor cells. 44 Targeting osteoprogenitor-specific IGF-1 and IGF1R deletion utilizing Prrx1cre, Dermo1cre or cathepsin K cre (shown to be expressed in the perichondrial groove of Ranvier) 45 to study the role of IGF-1 in early mesenchymal cells would be important. This will enable us to understand the role of IGF-1 in regulating pathways important for early bone formation and also to identify if this signaling pathway has a role in regulating chondro/osteo progenitor cells.
IGF-1 Osteocytes and Osteoclasts
Osteocytes are important mechanosensors that are deeply embedded in bone and sense physical loading. These are terminally differentiated osteoblasts within bone matrix. Knockout of IGF-1 specifically in the osteocytes has been reported recently 46 using a dentin matrix protein1 (DMP1) cre to delete IGF-1 in osteocytes. The DMP1 cre has been generated by using the 10-kb promoter region of DMP1 and is active in odontoblasts and osteocytes and induced in response to mechanical loading. The Dmp1 cre used in this study is 10 kb cre, which has been used extensively to target cells of the osteocyte lineage. In this study, knockout of exon 4 of IGF-1 in osteocytes affected the bone longitudinal and cortical growth along with a decrease in the calvarial bone growth rate. The mice with an osteocyte-specific knockout also have a shorter growth plate compared with the wild-type control along with smaller hypertrophic chondrocytes. 34 There is expression of the IGF1R on osteoclasts and during bone remodeling. Matrix IGF-1 had been shown to be necessary for MSC differentiation, although whether osteoclasts secrete IGF-1 is not clear. The IGF-1 global knockout 47 showed an increase in bone volume/ total volume primarily because of a decrease in osteoclast number, suggesting that IGF-1 is required for normal osteoclast differentiation.
IGF-1 and Bone Matrix
It has recently been shown that matrix IGF-1 is necessary for the activation and proliferation of MSCs during resorption and this is mediated via the mTOR signaling pathway. 30 IGFs are bound in the skeletal matrix and are one of the most prevalent noncollagen proteins. In the above-mentioned paper, MSCs that were treated with IGF-1 activated the IRS1/P13K/AKT pathway along with mTOR and it was observed that inhibiting this signaling pathway with Rapamycin affected only mTOR. In contrast, the LY294002, PI3K inhibitor, did not inhibit mTOR. 30 This (mTOR) activation led to an increase in osteoblast differentiation markers like osteocalcin and osteoblast transcriptional factors like Runx2. This study also showed that MSC isolated from Igf1R flox/flox mice and deleting IGF1R in vitro using adenocre fail to form new bone efficiently when embedded in Matrigel and placed under the renal capsule in Rag2 À / À mice, compared with the adenoGFP-treated controls, the bone formation by the Igf1flox/flox adenoGFP cells could be inhibited by treating with rapamycin. Recent studies have also shown that osteoblasts that are differentiating in response to Wnt3a utilize the Warburg effect for energy consumption via the mTORC2 pathway by upregulating glycolytic enzymes and increasing lactate production. 48 Interestingly, the deletion of peroxisome proliferator-activated receptor (PPAR)g specifically in osteoblasts leads to an increase in p70S6k, which is a downstream of mTORC1, suggesting that PPARg has a negative control over mTOR. This signaling pathway should be extensively studied to define the relative contribution of the different complexes that are involved in osteoblast differentiation. 49 IGF-1 and energy metabolism. All the studies to date with the skeletal IGF regulatory components have produced in vivo phenotypes through deletion or overexpression of the IGF-1 system in mice. However, the effect of these genetic manipulations on glucose homeostasis is less clear. The recent finding by the Ferron et al. 50 and Fulzele et al. 51 showed that there is a role for insulin signaling in the osteoblast and this can regulate the levels of osteocalcin and under carboxylated osteocalcin by binding to its receptor (the IGF1R knockout mice did not have a metabolic phenotype), suggesting that the metabolic effects observed are mainly mediated by insulin signaling under these experimental conditions. Subsequent activation can signal bcells in the pancreas leading to an increase in proliferation and greater secretion of insulin. Mechanistically, further characterization has shown the following: (1) FoxO1 through its negative regulation of Runx2 52 downregulates Bglap2, (2) FoxO1 and ATF4 synergistically activating Esp, a negative regulator of insulin signaling, 53 affects glucose homeostasis. Another recent study examined an osteoblast-specific knockout of PDK1, a kinase that phosphorylates and partially activates AKT. Using the Osterix cre it was shown that the effects of IGF-1 and insulin on osteoblast differentiation through Runx2 expression are mediated by PDK1. The authors showed that the skeletal abnormalities manifested in the Rubinstein-Tyabi syndrome by mutations in CREB-binding protein lead to downregulation in the activity of CREB-binding protein, which can upregulate BMP2 through the master osteoblast transcriptional factor Runx2. In mice, Rubinstein-Tyabi syndromelike skeletal abnormalities are seen when PDK1 is specifically deleted in osteoblasts. The mice with a osteoblast-specific deletion in PDK1 also have higher levels of non-fasting glucose and lower insulin levels once again suggesting that elements downstream of the IGF-1 ligand signaling pathway could regulate glucose homeostasis. 54 It is not yet clear if IGF-1 has similar effects as insulin in osteoblasts and if this would affect global glucose homeostasis, based on the current evidence.
Future directions for investigation: skeletal energy metabolism. IGF-1 is important for protein synthesis and subsequent cell growth and differentiation. Much of its effects on cell size seem to be mediated through the mTOR system. But, IGF-1 is also a nutrient sensor, which is modulated by available energy. This is exemplified in scenarios such as starvation or anorexia nervosa where circulating (that is, primarily the liver) and skeletal concentrations of IGF-1 are reduced and bone formation slows dramatically. The mechanisms responsible for this non-transcriptional effect is not well understood, although Nocturnin, another nutrient sensor, and 3 0 deadenylase have been shown to rise in response to nutrient deprivation and decrease the half life of Igf1 mRNA. 55 Of course, this compensation is evolutionarily important as cellular work must be reduced during nutrient deficiencies.
IGF-1 regulation of key signaling pathways AR Guntur and CJ Rosen However, we have little understanding of the preferential substrates for optimal osteoblast differentiation, nor do we know precisely how IGF-I upregulates collagen synthesis relative to fuel sources as this process requires significant energy utilization. Future studies are certain to focus on local energy balance within the remodeling unit and its relationship to systemic substrate availability.
Conclusion
Although the last two decades have provided insight into the role of IGF-1 in regulating bone development, there is still a need to further study this pathway. For example, IGF-1 is critical in chondrocyte development. Moreover, a number of bones in the skull develop through endochondral formation and could impact the development of the skeletal elements in the skull base. In addition, gain-of-function mutations in IGF1R have been identified in some non-syndromic craniosynastosis where the mechanism seems to be through activation of IRS1. 56 IGF-1 is likely to regulate both local and systemic energy metabolism. For example, it has been shown that during osteoblast differentiation the cells that are in a predifferentiation stage have lower number of active mitochondria and are more glycolytic in their energy consumption. Whereas during osteoblast differentiation when the cells have more need for energy consumption and need to synthesize more protein, there is an increase in mitochondrial transmembrane potential and the cells switch over to oxidative phosphorylation in tune with their differentiation status. 57 The effects of IGF-1 on mitochondrial function during both chondrogenic differentiation and osteogenic differentiation may be particularly important. These observations lead to a number of questions that require answers: (1) what are the energy requirements of MSC, which have the potential to differentiate into a number of different lineages? MSCs differentiating toward the adipogenic lineage are more glycolytic and need reactive oxygen species for adipogenesis, whereas MSCs differentiating toward the osteogenic lineages are more dependent on oxidative phosphorylation with increased reactive oxygen species being detrimental for de novo bone formation. 58 (2) What are the pathways that are utilized by differentiated osteoblasts to synthesize bone? TOR signaling has been shown to be important for regulating Wnt-mediated increases in glycolysis but are there other pathways? Thus, it is clear that although IGF-1 is ubiquitous, its role in the skeleton is multi-faceted and centers on both osteoblast proliferation and differentiation. Recent work suggesting that osteoclasts may respond to secreted IGFs from osteoblasts implies that this molecule is also a coupling factor for the remodeling unit. Further investigations are needed to define the role of IGF-1 in regulating energy metabolism.
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